Determining the mechanism by which proteins attain their native structure is an important but difficult problem in basic biology. The study of protein folding is difficult because it involves the identification and characterization of folding intermediates that are only very transiently present. Disulfide bond formation is thermodynamically linked to protein folding. The availability of thiol trapping reagents and the relatively slow kinetics of disulfide bond formation have facilitated the isolation, purification, and characterization of disulfide-linked folding intermediates. As a result, the folding pathways of several disulfide-rich proteins are among the best known of any protein. This review discusses disulfide bond formation and its relationship to protein folding in vitro and in vivo.
INTRODUCTION
Proteins are synthesized as linear polypeptide chains. Following synthesis on ribosomes, the polypeptide chains are rapidly folded into their unique three-dimensional structures. Proper folding is necessary for the biological functioning of all proteins. Most purified proteins can spontaneously fold in vitro under suitable conditions. Thus, the information needed to specify the three-dimensional structure is contained within the protein's primary structure. The kinetic processes or pathways by which proteins adopt the native structure have been extensively investigated over the past few decades. To this end, the focus of protein folding has been the identification and characterization of the initial, final, and intermediate conformational states as well as the determination of the steps by which they are interconverted. Most protein folding intermediates are only transiently present, making difficult their isolation and characterization by commonly used spectroscopic techniques. However, most secretory proteins have an important covalent modification: disulfide bonds. Disulfide bonds are one of the few posttranslational covalent modifications that occur during protein folding. Disulfide bond formation in proteins is required not only for folding but also for stability and function. Failure to form the correct disulfide bonds is likely to cause protein aggregation and subsequent degradation by cellular proteases.
Disulfide bonds are formed because of the reduction-oxidation chemistry of the covalent interaction between two thiol groups. The relatively slow kinetics of formation of the disulfide bond and the availability of thiol trapping reagents that rapidly quench disulfide bond formation have facilitated the isolation, purification, and characterization of folding intermediates. These trapped intermediates have been used to determine the pathways of several disulfide rich proteins in vitro. Knowledge of these disulfide-linked folding pathways has furthered our understanding of protein structurefunction relationships.
Disulfide bonds can be formed spontaneously by molecular oxygen. For instance, under aerobic conditions, a thin layer of cysteine is generated at the air-liquid interface when a cysteine solution is left exposed to air. However, this type of spontaneous, random air-oxidation reaction is very slow and cannot account for the rapid rates of disulfide bond formation needed by the cell. This discrepancy led Anfinsen to the discovery of the first catalyst for disulfide bond formation, the eukaryotic protein disulfide isomerase (PDI). PDI is a part of the complex machinery responsible for the formation and isomerization of disulfide bonds in the eukaryotic endoplasmic reticulum (ER) (Sevier & Kaiser 2002 , 2006 . In the prokaryotic periplasm, the same function is carried out by the Dsb family of proteins (Kadokura et al. 2003 , Nakamoto & Bardwell 2004 .
In this review, we discuss the central role of disulfide bonds in protein folding. The characterization of in vitro disulfide-linked protein folding pathways is studied with the help of small disulfide-linked proteins. In addition, we attempt to point out the role of important protein folding catalysts in catalyzing the in vitro protein folding of these model proteins. A discussion of the methodology of oxidative folding is also included.
DISULFIDE BONDS AS A MEASURE OF PROTEIN FOLDING
During in vitro oxidative folding, disulfide bonds in proteins are formed by two thioldisulfide exchange reactions with a redox reagent. During the first reaction, a mixed disulfide is formed between the protein and the redox reagent (Figure 1a ). This reaction is followed by an intramolecular attack on the mixed disulfide bond in which a second cysteine thiol displaces the mixed disulfide (Figure 1b) . Disulfide bonds can also be formed intramolecularly wherein the thiolate of a cysteine may attack a disulfide bond of the same protein. This process that leads to the rearrangement of disulfide bonds within the protein is called disulfide reshuffling.
Factors That Influence Disulfide Bond Formation in Proteins
Disulfide bond formation is influenced by four major factors: the concentration of thiolate an- Thiol-disulfide exchange reaction between a protein and a redox reagent. Disulfide bonds in proteins are formed by two thiol-disulfide exchange reactions. (a) In the first step, a thiolate anion (S − ), which is formed by deprotonation of a free thiol, displaces a sulfur atom of the redox reagent. This leads to the formation of a mixed disulfide bond between the protein and redox reagent. (b) In the second step, the remaining thiol anion attacks the mixed disulfide, leading to the formation of the oxidized protein.
ions and the accessibility, proximity, and reactivities of the thiol groups and disulfide bonds. During thiol-disulfide exchange, a nucleophilic thiolate group (S − ) attacks a sulfur atom of a disulfide bond (-S-S-). The original disulfide bond is broken, and a new disulfide bond forms between the attacking thiolate and the original sulfur atom. The ionized, thiolate form (S − ) is capable of forming the disulfide bond, whereas the protonated thiol (SH) form is unreactive. Thiol-disulfide exchange is dependent on the concentration of the reactive thiolate anion relative to that of the unreactive thiol group, both of which in turn are strongly dependent on solution pH. Thus, one of the most important conditions that influences oxidative folding is the pH of the refolding buffer ). The pK a of a residue is the pH at which it is 50% ionized. The amount of reactive thiolate ion decreases tenfold for each pH unit below the pK a of the thiol. The pK a of cysteines in denatured proteins is usually approximately 8.7. Therefore, rapid oxidative folding reactions tend to occur when the pH is above 9, and oxidative folding becomes progressively slower at solution pH values below the pK a of the thiols involved. In vivo folding environments are not as flexible in terms of pH as in vitro reactions. One way in which organisms get around this limitation is by decreasing the pK a of the reactive thiol groups in disulfide oxidoreductases so that these thiol groups remain ionized and reactive at physiological pH. Because thiol-disulfide exchange is affected by the reactivities of the thiolate groups and the disulfide bond, any change in the electrostatic environment of the reactive group (i.e., in the pH or pK a of the thiol group) will influence disulfide bond formation (Arolas et al. 2006 .
Thiol-disulfide exchange reactions can occur only when a thiolate and a disulfide bond come in contact. Therefore, burial of reactive groups in the protective tertiary structure of a protein will inhibit disulfide bond reactions. The rate of disulfide bond formation is also influenced by the proximity of the two reactive thiol groups. Thus, disulfide bond formation in proteins is influenced by multiple factors and is not a simple chemical reaction.
Disulfide Bonds and Stability of Proteins
Most disulfide bonds serve to stabilize protein structure. It is generally accepted that protein disulfide bonds stabilize the native conformation of a protein by destabilizing the denatured form; i.e., they decrease the entropy of the unfolded form, making it less favorable compared with the folded form (Thornton 1981) . According to theoretical studies, the increase in the stability of the native structure due to the formation of a particular disulfide bond is directly proportional to the number of residues between the linked cysteines: the larger the number of residues between the disulfide, the greater is the stability imparted to the native structure (Flory 1953 , Pace et al. 1988 . The kinetics of protein folding are greatly affected by the location of the disulfide bond relative to the folding nucleus. Disulfide bonds introduced in or near the folding nucleus accelerate protein folding, whereas disulfide bonds introduced elsewhere can decelerate folding by up to three orders of magnitude (Abkevich & Shakhnovich 2000) .
The overall equilibrium constant K eq for a thiol-disulfide exchange reaction is a measure of the stability of the protein disulfide bond. The K eq value can be as high as 10 5 in folded proteins and as low as 10 −3 in unfolded proteins (Darby & Creighton 1993) . The formation of disulfide bonds is thermodynamically coupled to the process of protein folding. The folded conformation stabilizes the disulfide bond to the same extent that the conformation is stabilized by the formation of that particular disulfide bond (Figure 2) (Creighton 1990) .
In general, most disulfide bonds stabilize proteins and affect the rate of protein folding. However, a minor population of the disulfide bonds also serves a functional role. Functional disulfides can be further classified into catalytic disulfides and allosteric disulfides. Catalytic disulfides are typically found at the active site of enzymes that mediate thioldisulfide exchange (oxidoreductases). These dithiols/disulfides are transferred to a protein substrate, resulting in the formation, reduction, or isomerization of disulfide bonds. Allosteric disulfides regulate function in a nonenzymatic way by mediating changes in the protein structure (Hogg 2003 , Schmidt et al. 2006 ).
OXIDATIVE PROTEIN FOLDING TECHNIQUES
Oxidative protein folding is a composite process in which a reduced, unfolded protein not only forms its native set of disulfide bonds but also undergoes conformational folding, leading to the formation of a native and biologically active form . In a typical oxidative folding study, proteins are initially fully reduced and denatured (Creighton 1986) . The reducing and denaturing agents are removed, and the protein is refolded in the presence of suitable buffers containing redox agents. At various intervals, a reagent is added; this reagent quenches disulfide bond formation and thus serves to halt the oxidative folding process. The trapped folding intermediates are then separated, identified, and quantified. We now discuss the various factors that have to be considered for the oxidative folding of proteins.
Choice of Redox Reagent
Typically, oxidizing agents such as glutathione disulfide (GSSG) and oxidized dithiothreitol (DTT ox ) are used to form disulfide bonds, and reducing agents such as the reduced form of these reagents (GSH and DTT red , respectively) are used to reduce and reshuffle disulfide bonds. Normally, a redox buffer composed of a mixture of oxidized and reduced reagents is used during in vitro folding experiments. Two classes of redox reagents are commonly used in oxidative folding: cyclic redox reagents (e.g., DTT ox /DTT red ) and linear redox reagents (e.g., GSSG/GSH). Cyclic redox reagents are powerful reducing agents in part because the close proximity of the two thiols in these reagents leads to rapid resolution of the mixed disulfides between the reagents and the proteins. This greatly simplifies interpretation of oxidative folding experiments . The vast majority of thiol-disulfide oxidoreductases present in nature also contain two thiols in a CXXC motif and thus function as cyclic redox reagents. Linear redox reagents such as GSSG are better oxidizing agents than are small-molecule cyclic redox agents owing to the more oxidizing redox potential of the former. However, with linear disulfide reagents, the mixed disulfide species are much more stable than with cyclic disulfide reagents and can be problematic because they can accumulate significantly during folding reactions. High concentrations of linear redox reagents can even block all the free thiols, interrupting oxidative folding.
The composition of the redox buffer can drastically affect the rate of in vitro oxidative protein folding. For example, hirudin, a protein with three disulfides, can be refolded within seconds in a buffer of optimal redox composition, whereas refolding can take as long as 24 h in a buffer containing only catalytic amounts
: relation between disulfide bond formation and conformational folding Net free-energy change in the process is zero:
Figure 2
Relationship between disulfide bond formation and conformational folding of a protein. A protein with two cysteine residues is shown in its unfolded and folded conformations. The stability conferred by the disulfide bond and the conformation is given by the equilibrium constants K SS and K F , respectively. The equilibrium constants for folding with and without the disulfide bond are given by K SS F and K SH F , respectively. The stability of the disulfide bond in the folded and unfolded states is given by K F SS and K U SS , respectively. The net free-energy change around the cycle should be zero, and therefore the equilibrium constants are linked (Equation 1). Thus, the folded conformation affects the stability of the disulfide bond to the same extent to which the disulfide bond affects the stability of the conformation (Creighton 1990 (Chang 1994 , Chatrenet & Chang 1993 .
Efforts have been made to develop novel redox reagents. Some of them include redoxactive cyclic bis(cysteinyl)peptides (Cabrele et al. 2002) ; ortho-and meta-substituted aromatic thiols (Gough et al. 2006 
AMS:
4-acetamido-4 -maleimidylstilbene-2, 2 -disulfonic acid the dithiol ( ± )-trans-1,2-bis(2-mercaptoacetamido)cyclohexane (BMC), which acts as a small-molecule mimic of PDI (Woycechowsky et al. 1999) .
Oxidative folding through nonredox chemistry has been explored recently. Curcumin, an antioxidant and an anticancer chemotherapeutic, was successfully used to accelerate oxidative folding of bovine pancreatic ribonuclease A (RNase A) (Gomez et al. 2007 ). Oxidized BMC, when used in combination with nonredox-active molecules [trimethylamine-N-oxide (TMAO) and trifluoroethanol (TFE)], accelerated the oxidative folding rate of RNase A as compared with that achieved by oxidized BMC alone (Fink et al. 2008) . In both cases, the increase in the oxidative folding rate was attributed to the ability of nonredox-active molecules (curcumin, TMAO, TFE) to induce native-like elements in the reduced protein and stabilize key folding intermediates that have properties of the native protein.
The optimal redox buffer for in vitro protein folding is empirical for each protein and may reflect unknown differences between the in vivo and in vitro conditions, different in vivo folding environments, or the fact that every protein has a unique folding pathway. Not surprisingly, optimal folding is generally observed under redox conditions in which the conformational and oxidative kinetic traps (such as mixed disulfides leading to the formation of dead-end intermediates) are kept to a minimum (Kibria & Lees 2008) .
Quenching Methods
By the use of appropriate thiol quenching reagents, disulfide bond formation can be stopped, and disulfide intermediates can then be isolated, enabling the detailed study of protein folding pathways. An ideal quenching method, according to Wedemeyer et al. (2000) , should (a) completely quench free thiols, (b) impose a long-term block on disulfide reshuffling to allow for efficient fractionation, (c) aid in the separation and isolation of disulfide intermediates, (d ) be reversible so that refolding of intermediates can be resumed following their isolation, and (e) prevent unfolding of structured disulfide intermediates.
Quenching is usually achieved by one of four methods: acid quenching, blocking with maleimides, blocking with alkyl halides, or blocking with aminomethylthiosulfonate (AEMTS). Acid quenching is fast and reversible, and the protein does not undergo any covalent modification. This method also has the advantage that it denatures proteins, which simultaneously allows access to all thiol groups and also destroys any special reactivities by bringing all thiol pK a s into the normal range. However, this first method just greatly slows thiol reactions, by tenfold for each pH unit of the buffer below that of the pK a s of the reactive thiols; it does not completely stop thiol-disulfide exchange. Blocking with maleimides such as N-ethylmaleimide (NEM) or 4-acetamido-4 -maleimidylstilbene-2,2 -disulfonic acid (AMS) is rapid and very specific for cysteine residues (Zander et al. 1998) . Maleimides, however, block irreversibly and do not always gain access to all free thiols. Iodoacetate and iodoacetamide are the commonly used alkyl halides. When used at low-millimolar concentrations, alkyl halides often block too slowly to completely prevent disulfide reshuffling. At higher concentrations, alkyl halides can modify other residues of the protein . Blocking by AEMTS is reversible and rapid [five orders of magnitude faster than iodoacetate (Rothwarf & Scheraga 1991) ], and this compound adds a positively charged cysteamine group for every blocked thiol. Acid quenching and AEMTS blocking have the disadvantage that they usually perturb the conformational structure of folding intermediates. Thus, no single quenching method meets all of Wedemeyer et al.'s (2000) criteria. The use of different reagents can generate very different results. For instance, the slow reaction rate of alkyl halides is thought to be one of the chief reasons behind fundamental disagreements between Creighton and Kim (Creighton 1988 (Creighton , 1990 Weissman & Kim 1991) on the nature of the intermediates in the bovine pancreatic trypsin inhibitor (BPTI) folding pathway. One approach is to use a combination quench methodology, an initial quench using acid, to exploit its ability to quench rapidly and denature proteins, followed by dilution into a buffer containing a chemical quench reagent such as a maleimide (Zander et al. 1998 ).
Isolation of Disulfide Intermediates
Disulfide intermediates trapped during oxidative folding can be fractionated and characterized to determine the number of free thiols and disulfides (Weissman & Kim 1991) . This is the first step in determining disulfide connectivity for each of these folding intermediates, which can lead to a detailed study of the folding pathway. Separation of intermediates becomes an increasing problem as the number of disulfide bonds increases. A protein with three disulfides in its mature form has 15 possible one-disulfide intermediates, a protein with four disulfides has 28, and a protein with five has 45. This explosion in the number of intermediates as the number of disulfides increases has limited the detailed analysis of folding pathways for proteins with more than three disulfide bonds.
The intermediates of acid quenching must be analyzed at low pH, which eliminates many separation techniques. Disulfide-linked folding intermediates trapped by acid quenching can in some cases be separated by reversedphase high-performance liquid chromatography at low pH. However, not all proteins can be acid quenched owing to stability issues, and for many proteins, not all intermediates can be separated from each other. Intermediates blocked with AMS or polyethylene-maleimide can be separated by SDS-PAGE because of the large mass of the modification group added.
Intermediates blocked with biotin polyethylene glycol-maleimide can be isolated on avidin columns. Intermediates blocked with iodoacetate have the thiols in the form of Scarboxymethylcysteine and the disulfides in the form of cysteine. These intermediates can be separated by chromatography, and the fraction of the free thiols and disulfides can be deter-BPTI: bovine pancreatic trypsin inhibitor ESMS: electrospray mass spectrometry MALDIMS: matrixassisted laser desorption and ionization mass spectrometry mined by amino acid analysis (Chang & Knecht 1991) . Intermediates blocked with AEMTS have a positively charged 2-aminoethanethiol group for every free thiol present on the protein, and therefore ion exchange chromatography can be used to separate these intermediates. In general, a wide variety of analytical techniques, such as gel filtration, capillary electrophoresis, and 2-D gel electrophoresis, can be applied to separate the quenched intermediates.
Characterization of Disulfide Intermediates
The ensemble of intermediates and the disulfide bonds formed at various steps along the folding pathways of bovine pancreatic RNase A and three-fingered toxins have been characterized by mass spectrometry (Ruoppolo et al. 1996a,b) . Electrospray mass spectrometry (ESMS) can be used to determine the number of disulfides on the basis of the increase in molecular weight by the addition of a blocking reagent for each of the thiol groups. The relative abundance of different intermediates can also be determined, facilitating kinetic analysis of the intermediates. To assign the correct disulfide pairings, ESMS analysis can be followed by disulfide mapping of proteolytically digested intermediates through the use of matrix-assisted laser desorption and ionization mass spectrometry (MALDIMS) or liquid chromatography ESMS (Ruoppolo et al. 2005) .
A multitude of other biophysical techniques can be used to characterize the structure, activity, and role of the intermediates in the folding pathway. For example, fluorescent resonance energy transfer and nuclear Overhauser effects (NOEs) of nuclear magnetic resonance (NMR) spectroscopy can be used to measure inter-residue distances to understand how the structure of the protein changes as it folds to its native structure (Elisha 2005 , Roques et al. 1980 . Structural characterization of disulfide intermediates has been used to understand the oxidative folding pathway of some disulfiderich proteins such as RNase A and BPTI (Weissman & Kim 1991) . The high-resolution www.annualreviews.org • Disulfide-Linked Protein Folding Pathwaysstructure of those rare intermediates that are kinetically stable has occasionally been determined with X-ray crystallography (Pearson et al. 1998 ) and NMR (Laity et al. 1997 , van Mierlo et al. 1994 .
The role of particular disulfides in the folding and stability of particular proteins can be studied by site-specific mutagenesis experiments that replace the corresponding cysteines with serines or alanines. In some cases, these experiments can generate stable analogs of folding intermediates, which can then be structurally characterized.
Kinetic analysis of the regeneration process can be carried out by modeling the concentrations of various disulfide intermediates. Detailed kinetic analysis has been carried out for the regeneration of RNase A (Rothwarf et al. 1998a ) and hirudin variant 1 (rHV1) (Thannhauser et al. 1997 ) by the method developed by Konishi and colleagues (Konishi et al. 1982 , Rothwarf & Scheraga 1993a , Scheraga et al. 1987 . In this method, the relative concentrations of the various intermediate species are determined as a function of time and redox conditions. These data are then modeled to a folding pathway consistent with the regeneration kinetics (Konishi et al. 1982) . This approach can be used to determine the rate constant for the regeneration of native protein as well as the rate constants for the formation and reduction of disulfide bonds at different stages of regeneration (Rothwarf et al. 1998a , Thannhauser et al. 1997 .
OXIDATIVE FOLDING OF MODEL DISULFIDE-BONDED PROTEINS
The oxidative folding pathway of several small disulfide-rich proteins has been determined. Here, we discuss the pathway of folding of three of the most extensively characterized proteins: RNase A, BPTI, and hirudin. The known pathways of oxidative folding exhibit a high degree of diversity, as revealed by the disulfide heterogeneity of folding intermediates, the predominance of native disulfide bonds in intermediates, and the level of accumulation of fully oxidized but scrambled isomers as intermediates (Chang 2004) . Nevertheless, the pathways of oxidative folding can be classified broadly into two major types on the basis of the nature of the folding intermediates . First, an oxidative folding pathway in which the intermediates are unstructured is called a des U pathway (des refers to the disulfide species or ensemble that possess all but one of the native disulfide bonds). The rate-determining step in a des U pathway is the formation of the native protein N by oxidation and conformational folding of the disulfide intermediates. Second, a pathway in which the des species are structured is called a des N pathway. The native disulfide bonds in des N species are buried in the stable tertiary structure, but the free thiol groups are kept readily accessible to form the native protein. The rate-determining step in such des N pathways is the formation of the structured des species by disulfide reshuffling and conformational folding of the unstructured precursors.
Bovine Pancreatic Ribonuclease A
RNase A is a single-domain protein with four native disulfide bonds (26-84, 40-95, 58-110, and 65-72) . Over the years, a multitude of physical and chemical methods have been used to gain insight into the folding of RNase A. Both the NMR and crystal structures of the fully folded protein have been determined (Santoro et al. 1993 , Wlodaver et al. 1988 . One structural complication is that Pro93 and Pro114 in RNase A adopt the less common cis conformation in the folded state, making cis-trans proline isomerization an important part of the folding process. This problem, along with difficulties in expressing RNase A at high levels in bacterial hosts, has complicated detailed analysis of its folding pathway. Nevertheless, RNase A is one of the best-studied models for disulfide-linked folding; for reviews, see Narayan et al. 2000 .
Scheraga and coworkers have extensively characterized the process of sequential formation of its disulfide bonds and the acquisition of native structure in fully reduced RNase A. Reoxidation in the presence of a redox agent (DTT ox ) resulted in the formation of heterogeneous disulfide-bonded intermediates (scrambled RNase A). According to this model (Figure 3a) (Iwaoka et al. 1998; Rothwarf et al. 1998a,b; Wedemeyer et al. 2000; Xu & Scheraga 1998) , RNase A folds through two stages at 25
• C. During the first prefolding stage, reduced RNase A undergoes sequential oxidation, resulting in the formation of four unstructured disulfide ensembles containing 1-4 disulfide bonds (ensembles 1S, 2S, 3S, and 4S). The composition of the disulfide bonds among 1S and 2S intermediates is nonrandom , Wedemeyer et al. 2002 , Xu et al. 1996 only to entropic stabilization but also presumably to the significant enthalpic stabilization offered by the formation of a β-turn-like structure in residues 65-68. This β-turn is also observed in the native protein (Laity et al. 1997 , Wlodaver et al. 1988 ) and in the NMR structure of the mutant (C40A, C95A) of RNase A (Laity et al. 1997) . Because this β-turn structure is present in the fully folded protein, it may serve as a chain-folding initiation site. The [65] [66] [67] [68] [69] [70] [71] [72] disulfide intermediate is also predominant among the 2S intermediates. Thus, the [65-72] disulfide bond may act to accelerate protein folding by decreasing the conformational space that has to be scanned for RNase A to attain native structure .
In the second stage, structured disulfide intermediates form and are subsequently converted to the native form. In RNase A, the rate-determining step in the regeneration of native protein is the formation of two disulfide species with native-like structure, des The folding pathways of wild-type RNAse A and its three-disulfide mutants. R represents the reduced protein, and nS represents the ensemble of species with n disulfide bonds. des[ ] represents a disulfide species with native disulfide bonds but lacking the disulfide bond in the brackets, and N represents the native protein. (a) Wild-type RNAse A follows a des N type of pathway. The rate-limiting step in the formation of RNAse A at 25 • C is the formation of two des species, and [65] [66] [67] [68] [69] [70] [71] [72] , from the 3S ensemble. At 15 • C, two other des species, and , are formed; these reshuffle slowly to des and des [65] [66] [67] [68] [69] [70] [71] [72] via the 3S ensemble (Iwaoka et al. 1998; Rothwarf et al. 1998a,b; . (b) The three-disulfide mutants of RNase A follow a des U pathway. The rate-limiting step is the formation of the two native proteins by oxidation and conformational folding of the unstructured 2S ensemble and des [65] [66] [67] [68] [69] [70] [71] [72] . These two species are formed from the 3S ensemble by disulfide reshuffling (Figure 3a) . Upon the formation of these species, RNase A mainly attains a locked-in conformation wherein the three native disulfide bonds are protected from further reduction/reshuffling. However, the two remaining thiol groups still remain largely accessible to the solvent, thus allowing them to undergo rapid oxidation to the native protein.
Conformational stability of the des species is critical for oxidative folding in RNase A. Conditions that destabilize the structure of the des species (e.g., high temperatures) greatly hinder the regeneration of RNase A (Rothwarf & Scheraga 1993b , Rothwarf et al. 1998b ). However, the rate of regeneration can be restored by anions that restabilize the conformational structure (e.g., phosphate, fluoride) (Lawrence et al. 2000 , Low et al. 2002 . Thus, the nativelike conformation conferred by the des species is important for the oxidative folding of RNase A, in part because the conformational structure of the intermediates protects the native disulfides from rearrangement .
Oxidative folding studies of the mutants of RNase A having only three disulfides, [C40A, C95A] and [C65S, C72S], reveal that native protein is formed through direct oxidation and conformational folding of the 2S ensemble. The des species (the 2S ensemble) have very little structure, and therefore these three-disulfide mutants of RNase A follow the des U pathway (Figure 3b) .
Native RNase A can also be generated through the oxidation of two other des species, des and des (Figure 3a) . But these two species have a stable conformation only in the presence of stabilizing salts [phosphate (Low et al. 2002)] or at low temperatures [≤15
• C (Welker et al. 1999) ]. Even at low temperatures, des and des are metastable intermediates that reshuffle preferentially to the 3S ensemble rather than directly oxidize to form the native protein (Welker et al. 2001) . The burial of their free thiol groups in their hydrophobic cores of a native-like structure presumably inhibits any redox reactions of these thiols in these intermediates.
Bovine Pancreatic Trypsin Inhibitor
BPTI is a member of the serine protease family of inhibitors; it is a very small globular protein, 58 amino acid residues in length in its mature form. BPTI adopts a tertiary fold comprising two strands of antiparallel β-sheet and two short segments of α-helix. It contains three stabilizing disulfide bonds in its structure: between cysteines 5 and 55, 14 and 38, and 30 and 51.
The oxidative folding of BPTI was one of the first protein folding pathways to be studied and remains among the best characterized. Historically, there have been two models of BPTI folding, which differ greatly in the role played by nonnative intermediates in the folding pathway.
Early studies on the oxidative folding of BPTI were carried out by trapping the disulfide bond folding intermediates with the use of alkyl halides (Creighton 1988 (Creighton , 1990 Creighton et al. 1996) . Using this approach, Creighton and colleagues found a heterogeneous population of unfolded molecules that fold by a distinct pathway via disulfide reshuffling of one-disulfide intermediates (Figure 4a) Kibria & Lees (2008) reexamined the folding pathway of BPTI, using optimized concentrations of glutathione (5 mM GSSG and 5 mM GSH). Under these conditions, the N * intermediate was decreased in concentration, leading to substantially faster BPTI folding (Kibria & Lees 2008) .
BPTI is initially synthesized as a pre-pro form containing a signal sequence required for the secretion of BPTI into the ER. This sequence is cleaved following secretion. BPTI also has a pro sequence that greatly influences the folding of BPTI in part because it contains a cysteine residue that is involved in disulfide isomerization reactions, with cysteines present on the mature portion of BPTI (Weissman & Kim 1992) . This pro region is cleaved off of BPTI following maturation. Unfortunately, the vast majority of the work on BPTI folding has been with the less physiologically relevant mature protein.
Hirudin
Hirudins are a family of thrombin-specific protease inhibitors isolated from the medicinal leech Hirudo medicinalis. Members of this family of proteins contain approximately 65 residues and share three highly conserved disulfide bonds: C6-C14, C16-C28, and C22-C39. Hirudin contains an N-terminal globular domain (residues 1-49) that binds to the catalytic site of thrombin and a disordered, acidic Cterminal domain (residues 50-65) that interacts with the fibrinogen recognition site of the enzyme (Chang 1983 , Grutter et al. 1990 , Rydel et al. 1990 .
Investigators have determined the in vitro oxidative folding pathway of a recombinant variant of hirudin (rHV1) in both the presence and the absence of a redox reagent (Chatrenet & Chang 1992 Thannhauser et al. 1997) . Two similar models of oxidative folding for hirudin have been proposed on the basis of these experiments. Chatrenet & Chang (1992) proposed the trial-and-error mechanism of folding for hirudin on the basis of refolding experiments in the absence of a redox couple such as GSSG/GSH or DTT ox /DTT red . Oxidation was achieved by dissolved atmospheric O 2 , and a reductant (β-mercaptoethanol/GSH) was used to achieve full regeneration of native hirudin from the mixture of nonnative threedisulfide hirudin intermediates (scrambled hirudin). According to this model, all cysteines of hirudin participate in disulfide shuffling throughout the folding process, and the folding proceeds via a mechanism of trial and error without preferred pathways (Chatrenet & Chang 1992) .
In a similar study, using a fragment of rHV1 (residues 1-49), Chatrenet & Chang (1993) proposed a sequential biphasic pathway for the folding of hirudin. Unlike BPTI and RNase A, the folding intermediates revealed an exceedingly high heterogeneity among the disulfide isomers. Of the 60 theoretically possible one-and two-disulfide intermediates, at least 30 fractions have been identified. Among the 14 possible three-disulfide scrambled isomers, 11 are present as folding intermediates and have been characterized. Hirudin spontaneously and sequentially flows from fully reduced protein to one-disulfide isomers to two-disulfide isomers to three-disulfide isomers (Figure 5a) . The first stage of folding involves the packing of the polypeptide chain driven mostly by hydrophobic collapse. Starting with the reduced and unfolded hirudin, disulfides are randomly paired sequentially and irreversibly to form one-, two-, and finally three-disulfide intermediates (scrambled hirudin). During the second stage, the native protein is formed by disulfide reshuffling of the scrambled three-disulfide intermediates (β-mercaptoethanol was used as a reductant). This process is driven by noncovalent specific interactions that stabilize the native protein. Taken together, the proposal suggests that refolding of hirudin is dependent on the consolidation (disulfide rearrangement) of a heterogeneous scrambled population of three-disulfide species without any preferred pathway. Thannhauser et al. (1997) studied the kinetics of folding of rHV1 under anaerobic conditions in the presence of DTT ox and DTT red . According to their kinetic model (Figure 5b) , the reduced protein and the disulfide bond intermediates (1S, 2S, and 3S) rapidly approach a pre-equilibrium steady state during refolding. Unlike the earlier model of Chatrenet & Chang (1992 , in which the 3S scrambled species is directly converted to native species, the 2S ensemble undergoes oxidation to form a 3S * ensemble that presumably has the same disulfide bonds as does the native protein, but may possess a different conformation. The 3S * ensemble folds rapidly to the native state. The rate of regeneration of the native protein was dependent on both the concentration of the 2S ensemble and the DTT ox concentration. Therefore, Thannhauser et al. (1997) suggested that the rate-determining step in the regen-
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Figure 5
Oxidative folding of two variants of recombinant hirudin (rHV1). (a) The pathway of folding of a fragment of rHV1 (1-49 residues) follows a des U type of pathway. The reduced protein (R) undergoes successive oxidation to form a mixture of highly heterogeneous intermediates (1S, 2S, and 3S, where nS represents the ensemble of species with n disulfide bonds). This process of formation of intermediates is driven by hydrophobic collapse. The ratelimiting step is the reshuffling of the scrambled 3S species to form the native protein (N) (Chatrenet & Chang 1992 . (b) The pathway of folding of rHV1 determined by kinetic fitting. The reduced protein (R) undergoes successive oxidation to form the intermediates (1S, 2S, and 3S). The rate-limiting step is the irreversible formation of a 3S * species by the oxidation of the 2S ensemble and is dependent on the concentrations of the 2S intermediate and the redox reagent (Thannhauser et al. 1997) .
eration of rHV1 is the oxidation of one or more species of the 2S ensemble to form 3S * . Moreover, these researchers postulated that the 2S species should contain at least two native disulfide bonds ([6-14; 16-28] , [6-14; 22-39], or [16-28; 22-39] ), raising the possibility of the existence of three distinct regeneration pathways. However, this analysis could not determine the specific composition of the 2S disulfide ensemble that is involved in the rate-limiting step.
The different model proteins and techniques used to derive data led to differences in these two models of hirudin folding. Unlike Thannhauser et al. (1997) , who used rHV1 and a redox couple to oxidize rHV1, Chatrenet & Chang (1992) used a truncated rHV1 (1-49 residues) and dissolved atmospheric O 2 in their experiments. rHV1(1-49) regenerates native structures at a different rate than does rHV1. The importance of 3S scrambled species in the earlier model may be because of the use of highly oxidizing agents that caused the reduction of the 3S ensemble to become rate-limiting in the regeneration process.
Taken together, the data suggest that oxidative folding of hirudin is characterized by the presence of heterogeneous folding intermediates, indicating that the protein follows a des U -type folding pathway. The prominence of scrambled isomers along the folding pathway contradicts the conventional wisdom that they are off-pathway or dead-end intermediates.
ROLE OF PROTEIN FOLDING FACTORS IN CATALYZING PROTEIN FOLDING
Disulfide-bonded proteins can be folded in vitro with the help of redox reagents that assist the process of thiol-disulfide exchange. In vivo, proteins are aided by molecular chaperones that protect them from forming insoluble aggregates. Disulfide bond formation is one of the major rate-limiting steps in protein folding in vivo. Therefore, in addition to the molecular chaperones, catalysts that can catalyze the thiol-disulfide exchange at rates comparable to in vivo protein folding rates are required. This section reviews the disulfide folding catalysts found in bacteria and eukaryotes and the role of these catalysts in catalyzing protein folding and directing folding pathways in vitro.
Disulfide Bond Formation in Bacteria
The process of disulfide bond formation in the bacterial periplasm has been extensively studied over the past decade. In Escherichia coli, disulfide bonds are introduced in the periplasm by the Dsb (disulfide bond formation) family of proteins. The family includes DsbA and DsbB, which are involved in forming disulfide bonds, and DsbC and DsbD, which are involved in isomerizing disulfide bonds.
Disulfide bond formation: DsbA and DsbB. DsbA, a 21-kDa soluble protein, is the immediate donor of disulfide bonds to proteins secreted into the E. coli periplasm (Bardwell et al. 1991) . In the absence of DsbA, most of the periplasmic proteins have their thiols in the reduced form. DsbA consists of a thioredoxin-like fold and a CXXC motif as its active site. For DsbA to be active, its two cysteines must be in the oxidized state. In general, disulfide bonds stabilize proteins. However, oxidized DsbA is unstable compared with reduced DsbA and reacts rapidly with unfolded proteins (Zapun et al. 1993) . This instability of the oxidized protein, along with the instability of the mixed disulfide intermediate with a target protein, provides a thermodynamic driving force for the transfer of disulfide bonds from DsbA to the target protein (Figure 6 ). The transfer of disulfides by DsbA can be thought of as a thiol-disulfide exchange reaction of a protein with a redox reagent. This transfer reaction has two steps. First, an unstable mixed disulfide is formed between DsbA and a target protein. Then, another thiol group in the target protein attacks the mixed disulfide. This results in the formation of a disulfide bond in the target protein and the eventual reduction of the active-site cysteines of DsbA.
DsbA is one of the most oxidizing thioldisulfide oxidoreductases known, with a redox potential of −120 mV. The oxidizing power is attributed to unusual electrostatic properties of the CXXC motif, particularly the unusually low pK a of the most N-terminal cysteine in this active site, Cys30. Cys30 has a pK a of ≈ 3, whereas the pK a of most cysteine residues is between 8 and 9 (Grauschopf et al. 1995) . Owing to its low pK a , Cys30 is almost entirely in the thiolate anion state at physiological pH. The thiolate anion is also stabilized by hydrogen bonds, electrostatic interactions, and helix dipole interactions; an electrostatic interaction between His32 and Cys30 is thought to be the most important stabilizing influence (Guddat et al. 1997 , Martin et al. 1993 . Mutations that alter His32 greatly decrease the oxidizing power of DsbA by altering the pK a of Cys30 (Grauschopf et al. 1995) . Other residues that are located near the active disulfide, such as Pro31, also contribute to the oxidizing power of DsbA but Disulfide bond formation and isomerization in the Escherichia coli periplasm (Pan & Bardwell 2006) . (a) DsbA introduces disulfides into newly secreted proteins. The inner-membrane protein DsbB reoxidizes the active site of DsbA. Under aerobic conditions, the electrons from DsbB are passed to ubiquinone (UQ), and under anaerobic conditions they are passed to menaquinone (MQ). The electrons eventually flow to molecular oxygen via the electron transport chain. (b) Nonnative disulfide bonds are reshuffled by DsbC. DsbC is kept reduced by another inner-membrane protein, DsbD, which receives its electrons from the periplasmic thioredoxin (TrxA) system. are less important. DsbA, in addition to being strongly oxidizing thermodynamically, also oxidizes proteins with very fast kinetics. Investigators have solved the three-dimensional structure of DsbA both in the oxidized and reduced states (Guddat et al. 1998 , Martin et al. 1993 , revealing a helical domain embedded into a thioredoxin domain. A rotational motion occurs between the two domains upon substrate binding. Following transfer of its disulfide bond to the target protein, DsbA is reduced. To regain its ability to transfer disulfide bonds, DsbA must be reoxidized by DsbB (Figure 6) . DsbB removes electrons from DsbA and transfers them to the respiratory chain. In aerobic conditions, the electrons are passed on to ubiquinone and ultimately to molecular oxygen. However, in anaerobic conditions, electrons are accepted by menaquinone, which transfers them to nitrate, nitrite, and fumarate (Bader et al. 1999 (Bader et al. , 2000 Kobayashi et al. 1997; Xie et al. 2002) . Therefore, DsbA is reactivated via thiol-disulfide exchange reactions between the active sites of DsbA and DsbB (Inaba et al. 2006 ).
Disulfide bond reshuffling: DsbC and
DsbD. DsbA is a very strong oxidase and introduces disulfide bonds into proteins relatively nonspecifically. Therefore, DsbA can introduce nonnative disulfides into proteins with multiple cysteines (Rietsch et al. 1996) . Formation of the native set of disulfide bonds is essential for attaining the proper folded conformation. To accomplish this, an enzyme or redox reagent that catalyzes the reduction and reshuffling of disulfide bonds is required.
In E. coli, a protein called DsbC acts to isomerize incorrectly oxidized proteins. DsbC is a two-domain 23.5-kDa protein. It has a Cterminal thioredoxin-like domain and an Nterminal dimerization domain. The dimeric protein is V-shaped, with an uncharged cleft that is thought to be involved in peptide binding (Collet et al. 2002 , McCarthy et al. 2000 . Each arm of the V consists of an N-terminal domain and a C-terminal catalytic domain. The N-terminal domains of each monomer form the dimer interface at the base of the V. The C-terminal catalytic domain has a thioredoxinlike fold. The sulfur of the first cysteine of the active-site CXXC motif (Cys98) is partially solvent exposed and is therefore able to form a mixed disulfide bond with a substrate. DsbC presumably functions by detecting hydropho- 
SH SH SH
Figure 7
DsbC isomerizes wrongly formed disulfide bonds (Nakamoto & Bardwell 2004) . Reduced DsbC attacks an incorrect disulfide bond of a substrate protein, forming an intermolecular disulfide intermediate. The intermolecular disulfide is exchanged for the correct intramolecular disulfide in the substrate protein, releasing DsbC in a reduced state (reaction A). Alternatively, the intermolecular disulfide between the substrate protein and DsbC is exchanged for an intramolecular disulfide within DsbC, releasing the substrate protein in a reduced state and DsbC in an oxidized state (reaction B). The reduced protein can then be oxidized by DsbA, and DsbC is regenerated by DsbD (not shown).
bic patches on misfolded proteins via its uncharged cleft. Upon binding proteins, DsbC's reduced cysteines probe for disulfides in the misfolded protein. Cys98, the nucleophilic cysteine in DsbC, attacks a substrate disulfide and forms a mixed disulfide with the substrate protein (Figure 7) . The mixed disulfide can be resolved when the substrate protein's reduced cysteine attacks the mixed disulfide, creating a new disulfide bond in the target protein and returning DsbC back to its reduced state (Figure 7,  reaction A) . Alternatively, the second active-site cysteine from DsbC attacks the mixed disulfide, forming an oxidized DsbC and a reduced protein via an intramolecular thiol-disulfide exchange reaction (Figure 7, reaction B) . This process causes the target substrate protein to become reduced and allows DsbA to reoxidize that protein to the correct conformation (Figure 6 ).
DsbC must be kept reduced in the periplasm to stay active as an isomerase. The innermembrane protein DsbD carries out the reduction of DsbC (Figure 6 ) and another protein, DsbG, whose function is yet to be determined.
Disulfide Bond Formation in Eukaryotes
In eukaryotic cells, disulfide bonds are formed in the lumen of the ER, which is a specialized compartment for protein folding and assembly. Two proteins are primarily responsible for controlling the process of oxidative folding: protein disulfide isomerase (PDI) and Ero1p.
PDI, a 57-kDa soluble protein, was one of the first identified thiol-disulfide oxidoreductases (Goldberger et al. 1963 ) and has been well characterized. Depending on the redox environment and the nature of the substrates, PDI can catalyze the formation, reduction, and isomerization of disulfide bonds (Gilbert 1994) . Tian et al. (2006) recently determined the crystal structure of yeast PDI. The protein has two thioredoxin domains (a and a ) as its active site, with the sequence Cys-Gly-His-Cys. The redox potentials of the a and a domains are −188 mV and −152 mV, respectively. Ero1p Disulfide bond formation in the lumen of the endoplasmic reticulum (ER) (Kersteen & Raines 2003 , Sevier & Kaiser 2002 . There are two pathways for disulfide bond formation in the ER. In the first pathway (a), oxidizing equivalents are transferred to protein disulfide isomerase (PDI) from the membrane-associated Ero1p-FAD (flavin adenine dinucleotide) complex. PDI transfers the oxidizing equivalents to the reduced substrate. In the second pathway (b), oxidizing equivalents can be transferred by another membraneassociated protein, Erv2p. Misfolded substrates are isomerized by the thiolate form of the reduced PDI. For simplicity, only one of the two active sites of Ero1p, Erv2p, and PDI is shown.
is a 65-kDa, membrane-bound, flavin adenine dinucleotide (FAD)-containing oxidase that acts on PDI (Frand & Kaiser 1998 , Pollard et al. 1998 , Sevier et al. 2001 , Tu et al. 2000 . There are two pathways for disulfide bond formation in Saccharomyces cerevisiae (Figure 8) . In the first pathway, oxidizing equivalents are transferred from Ero1p to PDI, which in turn oxidizes substrate proteins. The flow of oxidizing equivalents in this pathway occurs through a series of thiol-disulfide exchange reactions (Frand & Kaiser 1998 , Tu et al. 2000 . The second pathway involves the protein Erv2p. Erv2p transfers oxidizing equivalents from molecular oxygen to PDI via the FAD cofactor to form disulfide bonds (Sevier & Kaiser 2002) . Therefore, in eukaryotic disulfide bond formation electrons appear to flow from the protein to PDI to Ero1p (or Erv2p) and ultimately to an electron acceptor. The second pathway has been observed only in the absence of Ero1p and in the presence of a plasmid overproducing Erv2p. The normal role of Erv2p is unknown.
CATALYSIS OF OXIDATIVE PROTEIN FOLDING BY PROTEIN FOLDING FACTORS IN VITRO
To determine how disulfide bond formation occurs in the cell, extensive investigation has been conducted on the in vitro refolding of model proteins by protein folding factors. Knowledge from these studies can be used to determine 
Catalysis of Oxidative Folding by PDI
BPTI. Early studies on BPTI unfolding and refolding (Figure 4b ) indicated that PDI increased the rates of oxidation and the reduction of BPTI in the presence of DTT ox . In contrast, PDI had only a small effect on the kinetics of folding when used alone or in the presence of GSSG, cystamine, or hydroxyethyl disulfide (Creighton et al. 1980) . Subsequently, working with reversibly trapped intermediates and using a redox buffer (GSSG/GSH), Weissman & Kim (1993) demonstrated that PDI dramatically increased both the yield and rate of formation of native BPTI. PDI showed a modest increase in the rate of formation of the two kinetically trapped intermediates and N * . However, PDI dramatically accelerated the formation of native protein (N) from the kinetic traps N and N * (accelerations of 3500-and 6000-fold, respectively). The effect of PDI on the reduced protein and the one-disulfide intermediates and was negligible, indicating that the effects of PDI are specific to the kinetically trapped intermediates.
Recently, Satoh et al. (2005) reexamined the catalysis of BPTI folding by PDI. They used acid quenching to trap the folding intermediates and determined the influence of PDI on each of the intermediates. PDI efficiently catalyzed the folding reaction from the fully reduced form to the native form (N). PDI readily converted N to N and partially to N * , indicating that PDI catalyzed the reduction of the disulfide bond preceded the disulfide bond formation. The structure of intermediate N is very similar to that of the native protein, and the free thiols are presumably buried in the conformational structure. Therefore, the intermediate N must be unfolded to form N (Weissman & Kim 1991) . PDI accelerates the folding by rearrangement of N to N * , N SH SH . Because it is important for the rearrangement of N to N to lose structure, PDI accelerates the folding of BPTI by promoting both unfolding and disulfide bond rearrangements in structured intermediates.
RNase A. The rate of regeneration of RNase A catalyzed by PDI depends on the composition of the GSSG/GSH redox buffer (Lyles & Gilbert 1991a,b) . The rate of formation of native RNase A with DTT ox /DTT red as a redox agent markedly increases in the presence of PDI (9-fold at 15
• C, 6-fold at 25
• C, and 62-fold at 37
• C). Although major changes were observed in the distribution of some disulfide intermediates with the rapid accumulation of the des species [65] [66] [67] [68] [69] [70] [71] [72] and , PDI did not alter the two major pathways of RNase A regeneration (Figure 3a ) (Shin & Scheraga 1999) . A subsequent study on the regeneration of RNase A at 25
• C confirmed that PDI accelerates the formation of RNase A by catalyzing each of the intermediate steps without changing the folding mechanism (Shin & Scheraga 2000) .
During the regeneration of RNase A, four possible three-disulfide intermediates can form: des [65] [66] [67] [68] [69] [70] [71] [72] , des , des , and des (Figure 3a) . As discussed above, at 25
• C, the majority of the three-disulfide intermediates are made up of des [65] [66] [67] [68] [69] [70] [71] [72] and des , which regenerate native RNase A (Rothwarf et al. 1998a) . However, at 15
• C, des and des accumulate (Welker et al. 1999) as long-lived kinetic traps that slowly reshuffle back to the 3S ensemble (Welker et al. 2001) . Shin et al. (2002) regenerated RNase A in the presence of catalytically active and inactive PDI to determine the effects of PDI as an oxidase and as a chaperone. Both forms of PDI increased the rate constant for the formation of RNase A when compared with the rate constant for the case involving the redox reagent alone (∼17-fold and 2-fold for catalytically active and inactive PDI, respectively). In the presence of catalytically active PDI, the populations of des , des , and des decreased as the reaction proceeded, making the des [65] [66] [67] [68] [69] [70] [71] [72] species the prominent des species responsible for the regeneration of native protein. Shin et al. (2002) also determined that the catalytically inactive PDI did not affect the populations of des [65] [66] [67] [68] [69] [70] [71] [72] , des , and des , indicating that noncatalytic binding of the enzyme has no effect on the conformation of these des species. However, the concentration of only des was significantly reduced, with a corresponding formation of the native protein, indicating that the noncatalytic binding of PDI induced a conformational change that led to the formation of the fourth disulfide in des . Both disulfide bonds and are buried in the native protein; therefore, the 26 and 84 thiol groups in des and the 58 and 110 thiol groups in des[26-84] must be exposed before direct oxidation takes place. The concentration of the species was similar in the presence and absence of catalytically inactive PDI and the redox agent DTT ox , making direct oxidation of these des species unlikely. This finding suggests that noncatalytic binding of PDI to the substrates induces the exposure of thiol groups in the des and des species. Therefore, PDI converts the kinetically trapped des and des species into des by disulfide rearrangement through the 3S ensemble (Figure 3a) . Thus, PDI plays a dual role as an oxidase/isomerase and a chaperone in the regeneration of RNase A.
Hirudin. The role of PDI in hirudin folding is to promote the process of disulfide rearrangement in the scrambled species (consolidation) (Chang 1994) . PDI alone has no effect on the consolidation process. However, in the presence of free thiols (cysteines), PDI displays an additive effect in reshuffling the scrambled species. By optimizing the mixture of PDI and the redox reagent (Cys/Cys-Cys), PDI can complete the folding of hirudin within 30 s. Therefore, the in vitro efficiency of hirudin refolding is comparable to the scale of in vivo protein folding. PDI thus can accelerate the speed of hirudin folding in vitro. In general, PDI can accelerate the oxidation and isomerization of disulfide bonds but does not greatly alter folding pathways.
Recently, Chang et al. (2006) studied oxidative folding of hirudin in human serum. Consistent with earlier studies on hirudin (Chatrenet & Chang 1993) , Chang et al. (2006) reported that the major rate-limiting step for the regeneration of native protein is the disulfide shuffling of the scrambled three-disulfide intermediates, which requires a reductant as the initiator. Native hirudin was completely regenerated in undiluted human serum (in a period of 48 h) without any redox supplement, indicating that human serum may contain unidentified oxidases like PDI that can catalyze disulfide bond formation.
Catalysis of Oxidative Folding by DsbA and DsbC
BPTI. Zapun & Creighton (1994) examined the influence of DsbA on the folding of BPTI in the presence of GSSG/GSH as the redox agent. DsbA differs significantly from PDI in its effect on the refolding of BPTI. Unlike PDI, DsbA induced a marginal increase in the rate of formation of native BPTI. The marginal increase was attributed to the direct oxidation of BPTI by DsbA, as indicated by the disappearance of the reduced protein. However, DsbA was unable to catalyze intramolecular disulfide bond rearrangements in the two-disulfide intermediates [30-51, 14-38] and [5-55, 14-38] , whereas PDI had a dramatic effect on these two reactions. Thus, DsbA can rapidly oxidize BPTI but is unable to eliminate the kinetic traps in the folding pathway (Zapun & Creighton 1994) . Disulfide bond rearrangements using DsbA were albeit observed when folding was carried out at low pH, at which the rate of thioldisulfide exchange using redox buffers with normal pK a values is very slow. This activity of DsbA is likely due to the very low pK a of its active-site cysteine and the consequential high reactivity at low pH. However, stoichiometric amounts of DsbA are required, and folding occurs on the hour timescale.
DsbC has no influence on the rate of oxidation of reduced BPTI and therefore does not appear to catalyze disulfide bond formation. However, DsbC exhibits a marked effect on the rate of appearance of native BPTI. DsbC can catalyze rearrangements in and intermediates forming the native protein. The efficiency of DsbC in rearranging the disulfide bonds of BPTI is greater than that of DsbA but less than that of PDI (Zapun et al. 1995) .
RNase A. DsbA stimulates oxidation of reduced RNase A in the presence of GSSG/GSH as the redox buffer but is very inefficient in promoting isomerization (Akiyama et al. 1992) . In later studies, by using the reconstituted DsbADsbB system in vitro with DsbB as the redox agent, Bader et al. (2000) showed that DsbA was able to oxidize RNase A to the point at which no free thiols were detectable; however, RNase A gained negligible activity, indicating that the bulk of the protein had not been folded properly, presumably owing to misoxidation of thiols by DsbA. But with the addition of reduced DsbC, the reactivation of RNase A increased dramatically, suggesting that DsbC acts as an isomerase on a misoxidized 4S ensemble.
Hirudin. Catalytic amounts of DsbA accelerate the overall folding of native hirudin and decrease its half time of formation by two-to threefold in a GSSG/GSH redox buffer (pH 8.7) without changing the relative distribution of intermediates. At acidic pH, substoichiometric quantities of DsbA were able to catalyze hirudin folding, indicating that DsbA is required for the formation of disulfide bonds when bacteria are exposed to acidic pH (Wunderlich et al. 1993 (Wunderlich et al. , 1995 .
CONCLUSION AND FUTURE PERSPECTIVES
Disulfide bonds are critical posttranslational modifications of proteins. They not only stabilize protein structures but also are required for the proper folding and biological activity of several proteins. Because the formation of disulfide bonds is tightly linked to the conformational folding of the protein, the problem of protein folding can be addressed by investigating disulfide-linked protein folding. Several in vitro studies on small disulfide-rich proteins have helped elucidate the mechanism of disulfide-linked protein folding. However, protein folding in the cell is not spontaneous and requires the presence of protein folding catalysts. The discovery and characterization of the oxidative folding machinery in both prokaryotes and eukaryotes have opened up avenues to exploit the system for folding disulfide-rich proteins in the cell. Future research now can probably be aimed at utilizing this knowledge to engineer efficient systems for the expression of pharmacologically important proteins. How proteins fold in vivo is one of the key unsolved problems in basic biology. The vast majority of detailed folding studies have not been done in vivo but rather in vitro, simply because most of the techniques that are used to follow folding, such as circular dichroism, fluorescence, and hydrogen/deuterium (H/D) exchange, work well only in isolated systems. There are, however, big differences between the in vivo and in vitro environments. The presence of folding factors is the most obvious difference, but factors such as molecular crowding may be equally important. Fortunately, thiol trapping is one technique by which folding can be monitored and that can be used almost as well in vivo as in vitro. Future studies are expected to investigate in vivo folding pathways, perhaps by using some of the same tools that have been used so successfully to analyze disulfide-linked folding pathways in vitro.
